Haem oxygenase is a heat-shock protein in several rat tissues, as well as in certain human cells such as Hep3B hepatoma cells. In common with other heat-shock-protein genes, both the human and the rat haem oxygenase genes contain a heatshock element (HSE) in their promoter regions. In the present study we have identified a factor in nuclear extracts of human Hep3B cells which binds specifically to the HSE of the human haem oxygenase gene. The factor in Hep3B cells was significantly induced within 1 h after heat-shock treatment, and the induction was blocked by treatment of cells with actinomycin D or cycloheximide. The factor was not detected in human HepG2 hepatoma cells, which exhibit the heatmediated induction of heat-shock protein 70 mRNA, but not that of haem oxygenase mRNA. These findings suggest that the heat-inducible nuclear factor is increased at the level oxygenase gene via the HSE after heat treatment.
INTRODUCTION
Microsomal haem oxygenase (EC 1.14.99.3) is the rate-limiting enzyme in the oxidative catabolism of haem which yields biliverdin IXa [1] . The enzyme activity and the transcript of haem oxygenase can be increased in many cell types by treatment with haemin, the substrate for the enzyme, as well as various other non-haem substances [2] [3] [4] [5] [6] . Haem oxygenase has been reported to be a major 32 kDa stress protein, which can be induced in various cell lines of rats and humans by treatment with stress inducers such as Cd2+, As3+, thiol reagents and H202 [7] [8] [9] [10] . Haem oxygenase has also been shown to be a heat-shock protein (hsp) in rat and mouse cells [7, 11] .
The human haem oxygenase gene contains, similarly to the rat haem oxygenase gene [12] , a potential heat-shock element (HSE) in its 5'-flanking region (from -381 bp to -368 bp); however, heat-shock treatment failed to induce haem oxygenase in human macrophages [13] , glioma [13] , HeLa [9] and HL60 cells [9] . We have recently reported [10, 15] that heat-shock treatment of Hep3B and HepG2 cells, i.e. the human hepatoma cell lines with well differentiated hepatocyte properties [14] , induces hsp70 mRNA in both cell lines, whereas haem oxygenase mRNA was induced only in Hep3B, but not in HepG2, cells. Although a human heat-shock transcription factor (HSTF), which binds specifically to the HSE of hsp genes, has been purified [16] , it is not known whether this, or a similar factor, is involved in the activation of the human haem oxygenase gene after heat-shock treatment in heat-responsive cells such as Hep3B cells. In order to examine this question, we incubated nuclear extracts from human hepatoma cells with radiolabelled oligonucleotides which contained a sequence corresponding to the HSEs in the promoter region of the human haem oxygenase [12] and the human hsp70 genes [17] , and examined the formation of a sequence-specific DNA-protein complex. Our results indicate that a nuclear factor which binds to tories, Logan, UT, U.S.A.), 100 units of penicillin/ml, 100 ,ug of streptomycin/ml and 2 mM-glutamine. Cells were seeded into culture dishes at 12.5 % confluence, followed by medium replenishment after 4 days of incubation, and the heat treatment was done 24 h after the medium replenishment. To treat cells with heat, the growth medium was removed and saved, the cells were incubated with Earle's buffer solution at 43.5°C for 60 min. After heat treatment, Earle's buffer solution was removed and the growth medium was added back to the cells and incubation was continued at 37°C for 3 h before the preparation of nuclear extracts.
Gel-retardation assay
Three synthetic oligonucleotides (A, B, and D) and a PCRamplified DNA fragment (C) (Fig. la) were used in gelretardation assays with nuclear extracts. Oligonucleotide A contained a 27 bp sequence harbouring the HSE and the IL-6-responsive element of the human haem oxygenase promoter region [12] , and oligonucleotide B contained a 25 bp sequence containing only the IL-6-responsive element in a reverse orientation. The DNA fragment C contained bases -386 to -143 of the human haem oxygenase gene, with sequences corresponding to oligonucleotides A and B on each end of the fragment. Oligonucleotide D (-114 to -89) contained the HSE of the human hsp70 promoter region [17] . Sense-strand oligonucleotides were end-labelled with T4 polynucleotide kinase (Pharmacia, Piscataway, NJ, U.S.A.), and annealed to a 4-fold excess of the corresponding unlabelled antisense oligonucleotide. Nuclear extracts were prepared as described by Dignam et al. [18] . The . Probe designation is shown in Fig. l(a) . DNA-protein complex with oligonucleotide A which contained the HSE and the IL-6-responsive element of the human haem oxygenase promoter (Fig. lb) . Among several bands observed in nuclear extracts from untreated Hep3B cells, a band, termed 'H', was specifically increased by heat-shock treatment for 60 min at 43.5°C (Fig. lb) . The intensity of band H increased linearly with increasing amounts of nuclear extracts from both untreated and heat-treated cells, indicating the quantitative validity of this assay. The level of band H at the lowest concentration of the nuclear extract from heat-treated cells (6 ,ug of protein/assay) was significantly greater than that observed at the highest concentration of the nuclear extract from untreated cells (60 #sg of protein/assay) (Fig. Ib) . In contrast with Hep3B cells, band H was not observed either in untreated or in heat-treated HepG2 cells (Fig. 1c) , which are known to show no heat-mediated induction of haem oxygenase mRNA [151.
Specific binding of the factor to the HSE Band H was clearly demonstrated in nuclear extracts of Hep3B cells after heat treatment when the probes containing the HSE were used, i.e. oligonucleotides A and D, but not when probe B, lacking the HSE, was used (Fig. 2) . Competition of the DNAprotein complex-formation with the radiolabelled oligonucleotide A was also examined by adding unlabelled oligonucleotides A, B, D or fragment C to the reaction mixture. All oligonucleotides containing the HSE, i.e. A, D and the fragment C, significantly blocked complex-formation with the radiolabelled oligonucleotide A. However, oligonucleotide B, which lacks the HSE, did not compete for complex-formation (Fig. 2) . These findings suggest that the formation of the DNA-nuclear protein complex is dependent on the presence of the HSE-specific sequence.
Blockade of the heat-mediated induction of the nuclear factor by actinomycin D and cycloheximide When actinomycin D, a specific inhibitor of DNA-directed RNA synthesis, or cycloheximide, an inhibitor of protein synthesis, was added to Hep3B cells at the beginning of heat treatment, the heat-mediated induction of the nuclear factor was essentially abolished (Fig. 3) , suggesting that the induction of the heat-specific nuclear factor is dependent on RNA and protein synthesis de novo.
DISCUSSION
The results of our experiments provide evidence for the induction of a nuclear factor(s) in human Hep3B cells in response to heat-shock treatment (Fig. 1) . The factor was not detectable in HepG2 cells, which lack the heat-mediated induction of haem oxygenase [15] . A nuclear protein-DNA complex, termed 'H', was barely detectable in untreated Hep3B cells, but its level was markedly increased after heat treatment. The heat-mediated increase in the nuclear factor in Hep3B cells was rapid, occurring within 60 min. The complex-formation was highly specific to the HSE sequence, which was derived either from the human haem oxygenase gene (CTGGAACCTTCTGG) [121, or from the human hsp70 gene (CTGGAATATTCCCG) [17] . Simultaneous treatment of Hep3B cells with actinomycin D or cycloheximide significantly prevented the increase in the nuclear factor, whereas the same treatment did not influence the DNA-protein complex-formation in untreated control cells, suggesting that the heat-mediated increase of the nuclear factor is dependent on the synthesis of RNA and protein de novo.
These findings are consistent with our previous studies, which demonstrated the transcriptional induction of haem oxygenase mRNA in Hep3B cells after heat treatment [15] . Similarly, hsp7O mRNA is induced in Hep3B cells by heat-shock treatment, and the induction is abrogated by treatment with actinomycin D or cycloheximide (results not shown). Thus it appears that gene activation of both haem oxygenase and hsp7O in Hep3B cells may be transcriptional.
The activation of the hsp7O gene in both HepG2 and Hep3B cells after heat-shock treatment is probably mediated by HSTF [16] . It is known that the induction of HSTF in human cells is not blocked by cycloheximide, suggesting that an initial event in the hsp7O gene activation involves the activation of a pre-existing regulatory factor [19] . The induction of band H, however, appears to be mediated by a different mechanism from that which involves HSTF, since its induction appears to occur at a transcriptional level (Fig. I c) . Thus the nuclear factor involved in the induction of band H, as well as the activation of the haem oxygenase gene, is likely to be distinct from HSTF. In addition, this nuclear factor which appears to be essential for haem oxygenase gene activation is not evidently required for the activation of the hsp7O gene. Further investigation of the nature of band H, e.g. purification of the nuclear factor, should yield useful information concerning the particular role of this factor in the activation of the human haem oxygenase gene.
